Poison frogs sequester chemical defenses from arthropod prey, although the details of how 21 arthropod diversity contributes to variation in poison frog toxins remains unclear. We 22 characterized skin alkaloid profiles in the Little Devil frog, Oophaga sylvatica (Dendrobatidae), 23 across three populations in northwestern Ecuador. Using gas chromatography mass 24 spectrometry, we identified histrionicotoxins, 3,5-and 5,8-disubstituted indolizidines, 25 decahydroquinolines, and lehmizidines as the primary alkaloid toxins in these O. sylvatica 26 populations. Frog skin alkaloid composition varied along a latitudinal gradient across 27 populations in a principal component analysis. We also characterized diversity in arthropods 28 isolated from frog stomach contents and confirmed O. sylvatica specialize on ants and mites. To 29 test the hypothesis that poison frog toxin diversity reflects species and chemical diversity in 30 arthropod prey, we (1) used liquid chromatography mass spectrometry to chemically profile 31 consumed ants and mites, and (2) used sequencing of cytochrome oxidase 1 to identify 32 individual prey specimens. We show that chemical profiles of consumed ants and mites cluster 33 by frog population, suggesting different frog populations have access to chemically distinct prey. 34
INTRODUCTION 42
Many organisms have evolved sophisticated chemical defenses to deter predators. Some 43 defended organisms produce their own chemical defenses while others sequester toxins from 44 external sources (Casewell et Santos et al. 2015) . Many of these chemically defended frogs carry small 63 molecule alkaloid toxins in granular glands on their skin (Neuwirth et al. 1979 ). Decades of work 64 in poison frog chemical ecology has identified over 800 alkaloids organized into over 22 65 structural classes (Daly et al. 2005 ; Saporito et al. 2012) , although the structure of many 66 unclassified frog alkaloids remains to be determined. Some of these alkaloids are highly toxic to 67 vertebrates, such as batrachotoxin and pumiliotoxin, while many others like histrionicotoxins and 68 decahydroquinolines are noxious or bitter tasting (Santos et al. 2015) . Most of the work on 69 poison frog chemical ecology has focused on the Strawberry poison frog (Oophaga pumilio). Initial reports on poison frog alkaloid toxins suggested frogs synthesized these chemicals. 77
Once poison frog captive colonies were established, however, researchers determined the frogs 78 had lost their toxicity when fed a diet of fruit flies. These observations led to the dietary 79 hypothesis for poison frog toxicity (Daly et al. 1994a ; Daly et al. 1994b) , and since then 80 ecological studies have demonstrated that poison frogs ingest mainly ants and mites (Caldwell 81 1996; Donnelly 1991; Toft 1980) , that this dietary specialization correlates with toxicity (Darst et 82 al. 2005) , and that the sequestration of alkaloid toxins from arthropod prey has independently 83 evolved at least four times in the Dendrobatidae family (Santos et al. 2003) . Presumably, these 84 toxic species have evolved sequestration mechanisms that allow the binding and transport of 85 toxins from the gut to the skin, although this pathway has not yet been identified (Santos et al. 86 2015; Saporito et al. 2012 ). Nevertheless, as poison frogs sequester their toxins from arthropod 87 prey, it has been proposed that the toxin diversity observed within and between species is 88 reflective of arthropod diversity in the tropics Saporito et al. 2009 ). This 89 implies that sequestration mechanisms in poison frogs must be broad enough to sequester a 90 range of chemicals that take advantage of local arthropod chemistry. Understanding how poison 91 frogs acquire toxins and how differences in diet influence toxin variability and the maintenance 92 of aposematism remains a challenge. 93
Most research efforts to identify the dietary source of frog alkaloids have focused on 94 arthropods collected from leaf litter. Ants have been identified as a source of many poison frog 95 alkaloids including pumiliotoxins, histrionicotoxins, 5,8 and 3,5-disubstituted indolizidines, 96 decahydroquinolines and pyrrolizidines (Heckel 2014; Jones et al. 1999 ; Saporito et al. 2004) . 97
Despite their small size, mites seem to confer the greatest diversity of alkaloids to poison frogs. 98
Oribatid mites in particular have been explored as the source of many poison frog toxins, 99 including pumiliotoxins and indolizidines (Saporito et al. 2007b ; Saporito et al. 2011; Takada et 100 al. 2005) . Although there is a clear connection between alkaloid-containing arthropods and 101 poison frog specialization on these ants and mites, little is known about the specific arthropod 102 species poison frogs ingest and the alkaloids these arthropods carry. This is especially the case 103 for mites, whose taxonomy is far understudied compared to ants . Although 104 broad leaf litter collections of arthropods and subsequent chemical analyses are useful (Daly et 105 al. 2002; Saporito et al. 2004; Saporito et al. 2009 ), integrative analyses that include arthropod 106 identification from frog stomachs, chemical analyses of arthropod prey items, and how the 107 arthropod chemical diversity corresponds to poison frog toxin diversity are needed as the next 108 step toward causatively linking poison frog skin toxins to their dietary source. 109
To determine how arthropod diversity contributes to toxin diversity in a poison frog, here we 110 characterize the alkaloid composition and diet of the Little Devil frog (or Diablito frog, Oophaga 111 sylvatica) and trace the dietary source of toxins to ants or mites. We test the hypothesis that 112 ingested ant and mite species differ across frog populations, and that the chemical diversity of 113 ingested prey contributes to corresponding differences in alkaloid variation across frog 114 populations. We first use gas chromatography mass spectrometry (GCMS) to profile the 115 chemical diversity of three Little Devil populations. Then, to test the hypothesis that variation in 116 poison frog toxin profiles reflects the chemical diversity of arthropod prey, we use liquid 117 chromatography mass spectrometry (LCMS) to chemically profile consumed ants and mites. We 118 also identify prey items isolated from frog stomachs using the DNA barcode cytochrome oxidase 119 1 (CO1) (Meusnier et al. 2008 ). Finally, we compare the chemical profiles of frogs and their prey 120 items in order to identify either ants or mites as the source of specific alkaloids found in different 121 frog populations. 122
123

METHODS AND MATERIALS 124
Field collection 125
Little Devil (Oophaga sylvatica) frogs were collected during the day near the villages of 126 Cristóbal Colón (N=10), Simón Bolívar (N=10) and along the Felfa River (N=12) near the village 127
Montalvo in the northwestern Esmeraldas province of Ecuador in July 2014. Collections and 128 exportation of specimens were done under permits (001-13 IC-FAU-DNB/MA, CITES 17V/S) 129 issued by the Ministerio de Ambiente de Ecuador. Frogs were individually stored in plastic bags 130 with air and vegetation for 3-8 hours. In the evening the same day of capture, frogs were 131 anesthetized with a topical application of 20% benzocaine and euthanized. The dorsal skin 132 (from the back of the head but not including the legs) was isolated and stored in 100% 133 methanol. The stomachs were dissected and their contents were sorted by arthropod type (as 134 genera could not be visually determined) into separate tubes of ants, mites, and other 135 arthropods. Arthropods were stored in 100% methanol at 4°C for a few weeks. To have a non-136 toxic control group, we also collected five frogs near Otokiki (Province Esmeraldas) and fed 137 them crickets and fruit flies for three months in captivity. The Institutional Animal Care and Use 138 Committee of Harvard University approved all procedures (Protocol 15-02-233). Remaining frog 139 tissues were preserved in 100% ethanol and deposited in the amphibian collection of Centro 140 Jambatu de Investigación y Conservación de Anfibios in Quito, Ecuador (CJ 3089-3139). In 141 order to protect the vulnerable O. sylvatica populations that are highly targeted by illegal 142 poaching, specific GPS coordinates of frog collection sites can be obtained from the 143 corresponding author. 144
Quantification of arthropods in stomach contents 145
Each arthropod was individually photographed using a Lumenera Infinity 2 camera mounted 146 on an Olympus dissection microscope (SZ40) and assigned a unique seven digit identification 147 number with the first four digits being the voucher specimen number of the frog from which the 148 arthropod was taken and the last three digits being the number assigned to the arthropod in 149 increasing order from which it was removed from the stomach contents. Ant and mite samples 150 from the stomach contents of 5 frogs from each population were selected for alkaloid analysis 151 using liquid chromatography mass spectrometry (LCMS) based on the largest quantity of mites 152 recovered. These samples for LCMS were pooled by arthropod type (ants, mites or other) into 153 100% methanol until alkaloid extraction. The arthropod samples from the remaining frogs were 154 individually placed in vials of 100% ethanol for later molecular identification by PCR. 155 Diet was quantified both by quantity of each arthropod type (ants, mites, beetles or "other") 156 and by volume of each arthropod type to account for the wide range of prey size. To determine 157 volume, the photographs of each arthropod were analyzed using Image J (National Institute of 158 Health, Bethesda, MD) to determine their dimensions. Length measurements were taken from 159 the tip of the mandible and extended to the rearmost point of the arthropod. The width 160 measurement was taken at the midpoint of the arthropod and excluded the extra girth added by 161 appendages. If the prey item was fragmented, the measurements were taken from the nearest 162 identifiable body part. The length and width measurements were used to calculate the volume of 163 each prey item. The equation of a prolate sphere was used for the volume calculation of the ant, 164 beetle, and other arthropods: = (4 /3) * ( ℎ/2) * ( ℎ/2)^2 . The different body 165 shapes among the mites taken from the stomach contents required the use of three different 166 formulas to most accurately describe their volume and shape. In addition to the equation for a 167 prolate sphere, the equations of a hemi-cylinder (VHC) and a sphere (VS) were also used 168 based on individual mite shape:
= (4 /6) * ( ℎ/2) * ( ℎ/2)^2 and = (4 /3) * 169
Isolation of alkaloids 171
A set of samples including frog skins, stomach-isolated ants and stomach-isolated mites 172 from five frogs across populations of Felfa, Simón Bolívar, and Cristóbal Colón were used to 173 characterize alkaloid profiles (45 samples in total). Five additional skin samples from captive 174 frogs (described above) were used as a control. The contents of each sample vial (including 175 arthropods and 100% methanol) were emptied into a sterilized Dounce homogenizer. The 176 empty vial was rinsed with 1 mL of methanol and added to the homogenizer to ensure the full 177 transfer of all materials. As an internal standard, 25 µg of D3-nicotine in methanol (Sigma-178 Aldrich, St. Louis, MO) was added to each vial. The sample (either frog skin or arthropods) was 179 ground with the piston ten times in the homogenizer before being transferred to a glass vial. The 180 homogenizer and piston were rinsed with 1 mL of methanol that was then also added to the 181 glass vial to collect any alkaloid residue. The equipment was cleaned with a triple rinse of 182 methanol before being used to process another sample. A 200 µL aliquot of sample was 183 removed for later LCMS analysis. The remainder of the frog skin samples was evaporated to 184 dryness under nitrogen gas, reconstituted in 0.5 mL of methanol by vortexing. The samples 185 were transferred to a microcentrifuge tube and spun at 12000 rpm for 10 min. A 200 µL aliquot 186 of the supernatant was transferred to a 0.3 mL glass insert in an amber sample vial for later 187 GCMS analysis. All samples were stored at -20°C until GCMS (frog skin only) or LCMS (frog 188 skin, ants, and mites) analyses. 189
Gas chromatography mass spectrometry (GCMS) 190
GCMS analysis was based on a slight modification of the method reported by (Saporito et 191 al. 2010 ). Analyses were performed on a Waters Quattro plastic pestle before being incubated for 30 min at 60°C. Cold isopropanol was added to 240 precipitate the DNA. After centrifugation, the DNA pellet was washed with 75% ethanol before 241 resuspention in water. Purified genomic DNA was stored held at -20°C until PCR. 242
Molecular identification of stomach contents 243
To identify mites and ants collected from the stomachs of Oophaga sylvatica, we used PCR 244 to amplify the cytochrome oxidase 1 (CO1) region of genomic DNA, which is often used for We were able to PCR amplify CO1 in 45 out of 137 ant samples and 9 out of 20 mite 259 samples. Nucleotide BLAST of the NCBI Genbank nr database was used to identify the 260 resulting CO1 sequences (Online Resource Tables 1 and 2). For ants and mites, we assigned a 261 family or genus level taxonomic identity based on the results of the BLAST search, where we 262 considered greater than 96% sequence similarity sufficient to assign species or genera. For less 263 than 95% similarity, we assigned specimens to a family based on BLAST similarity. For some 264 ant specimens, we were able to identify the species based on the greater wealth of DNA 265 barcoding information available for ants as compared to mites. For ants and mites separately, 266 we used the software MEGA 6.0 (Tamura et al. 2013) to align using ClustalW the CO1 267 sequences from this study with other closely related species retrieved from GenBank. A 268 nearest-neighbor joining tree was then constructed with a bootstrap of 5000 replications. All 269 arthropod CO1 sequences have submitted to GenBank (Accession numbers: ants KU128453-270 97; mites KT947980-8). each ion current response. An ANOVA was run for each feature and a q-value (or Bayesian 284 posterior p-value) was calculated to account for multiple testing (Storey 2003) . All raw mass 285 spectrometry data is available at DataDryad (TBD). 286
We used LCMS for analysis of alkaloids common to frogs and arthropods. For each frog 287 skin, ant, and mite sample, five to seven of the most abundant alkaloids were selected for 288 generation of an extracted ion chromatogram (EIC). Major ant or mite responses in the EIC 289 were analyzed by molecular ion (M+H) + product scans of both the ant or mite samples and the 290 corresponding frog skin sample to compare both retention times and mass spectra. To confirm 291 putative shared compounds with similar mass-to-charge ratios (m/z), 15 eV collision energy 292 product ion scan total ion chromatograms (TIC) were compared to confirm the presence of a co-293 eluting compound in both the frog skin and the arthropod sample of interest (ant or mite). 294
Finally, we compared of 15eV product ion mass spectra from each putative compound shared 295 by the frog and corresponding arthropod sample to confirm the spectra closely match, 296
suggesting the compound of interest is identical in both frogs and arthropods. 297
To compare stomach contents across O. sylvatica populations, we quantified the number 298 and volume of ants, mites, beetles, and other arthropods. Each diet variable was normally 299 distributed, an ANOVA was used to determine population differences in different diet categories. 300 A Tukey's honest significance difference (HSD) test was used post-hoc to determine between 301 population differences. A Benjimini Hochberg false discovery rate correction was applied to 302 correct for multiple hypothesis testing. 303
304
RESULTS 305
Little Devil Frog Populations Vary in Alkaloid Profiles 306
We examined the alkaloid profiles from skin extracts of three Oophaga sylvatica populations 307 located in northwestern Ecuador and compared them to a group of control (captive) frogs. Using 308 GCMS, we found that each population had a unique profile of alkaloids (Figure 1a (Table 1) . 317
Major alkaloids (the most abundant 5-6 alkaloids in each population) were mostly unique to a 318 specific population, with overlap only between Cristóbal Colón and Simón Bolívar with the 5,8-319 disubstituted indolizidine 231C. 320
We examined in more detail the identity of alkaloids that differed in abundance between frog 321 populations but were absent in control frogs fed crickets in captivity ( 
Dietary Differences Between Little Devil Frog Populations 337
To gain a better understanding of how diet contributes to alkaloid profiles in these Little Devil 338 frog populations, we determined the quantity and identity of arthropods collected from the 339 stomach contents using both morphometric and molecular methods. We first grouped them into 340 broad categories of ants, mites, beetles, and "other" (Table 2 ) and calculated the number and 341 volume of each arthropod type. With a subset of ants and mites from each population (N=5 342 frogs per population), we used an untargeted metabolomics approach with LCMS to 343 characterize the chemical signature of consumed arthropods across frog populations. For the 344 remaining ants and mites, we sequenced the CO1 gene to characterize species diversity. 345
Species and chemical diversity in consumed ants 346
When characterizing broad patterns in ant consumption across frog populations (Table 2) , 347
we found that the percentage of ants by volume varied between populations (ANOVA, F 2,32 = 348 4.480, P = 0.020), but the percentage of ants by number did not. Table 1 ). All the samples have more than 80% sequence similarity with their top BLASTn hit 365 matches and 22 have more than 96% similarity, sometimes allowing resolution at the species 366 level. However, some specimens have close BLASTn matches (80-90%) for different ant genera 367 (usually undescribed species), which do not allow confident assignment of some specimens. 368
Many specimens only had a match of up to 85% homology in CO1 sequence to records in the 369
GenBank database, suggesting these may be undescribed ant species. 370
Based on CO1 sequence similarity between ant specimens, we estimate 20 different 371 species of ants were recovered. Two genera of Myrmicinae Attini ants were recovered from frog 372 stomach contents across all three O. sylvatica populations, including Solenopsis and 373
Wasmannia. A unique species to the Felfa group is a Myrmicinae Crematogastrini 374
Crematogaster species, which was not observed in the two other frog populations. These 375
Crematogaster ants were found in the same Felfa frog (CJ 3132), and the closest match in the 376
GenBank database is only 86% similarity, suggesting these specimens represent an 377 undescribed ant species. A different Crematogaster species was isolated in a separate Felfa 378 frog (CJ 3138) and has 94% similarity in CO1 sequence with Crematogaster nigropilosa. Four 379 ant specimens collected from both Felfa (CJ 3124) and Cristóbal Colón (CJ 3089) cluster with 380
Myrmicinae Attini Pheidole genera, although there is not an exact match with any described ant 381 CO1 sequences in the GenBank database. Finally, four specimens recovered from a Cristóbal 382 Colón (CJ 3089) are the only non-Myrmicinae ants we recovered. These specimens have 383 identical CO1 sequence with each other, and are 95% similar to the Ectatomminae 384 Gnamptogenys genera. 385
Species and chemical diversity in consumed mites 386
The amounts of mites consumed between populations varied (Table 2) The percentage of 387 mites in the stomach contents by number differed between populations (ANOVA, F 2,32 = 4.232, 388 P = 0.024) where the Cristóbal Colón population had a higher percentage of mites by number 389 compared to both Felfa (Tukey's HSD, P = 0.042) and Simón Bolívar (Tukey's HSD P = 0.044). 390
The percentage of mites by volume also varied between populations (ANOVA, F 2,25 = 7.063, P = 391 0.004), where Simón Bolívar frogs had a higher percentage of mites by volume in the stomach 392 contents compared to Felfa (Tukey's HSD, P = 0.003). 393
To determine if the chemical profiles of consumed mites were distinct between frog 394 populations, we performed a principal component analysis of the mite LCMS data (Figure 4a ). 395
We found clustering of mite samples according to frog population in principal component 2 (12% 396 of variance) but not principal component 1 (13% of variance). 397
We hypothesized that diversity in consumed mite species was responsible for the clustering 398 Table 2 ). However, due to the low percent similarity in CO1 402 sequence of most mites to the mites in the GenBank nr database (78-84%), we were unable to 403 assign mites to particular genera and many of these specimens likely represent undescribed 404
species. An exception is one mite that has a 99% similarity to the mite Archegozetes 405 longisetosus, and is likely the same species. Additionally three mites isolated from two Simón 406
Bolívar frogs had identical morphology and CO1 sequence, suggesting they are the same 407 undescribed species. Thus, we have identified 5 undescribed and 1 described species of mites 408 from the diet of three Oophaga sylvatica populations. Unfortunately, we did not obtain enough 409 sequence information from separate mite specimens to conclusively determine how species 410 diversity drives chemical diversity observed in the mite LCMS data. 411
Other dietary arthropods 412
In addition to ants and mites, which together represent over 80% of the Oophaga sylvatica 413 diet, we also evaluated the number and volume of beetles and "other" arthropods isolated from 414 frog stomach contents (Table 2) . However, the number of arthropods in these categories was so 415 low that we did not evaluate statistical differences between frog populations. Nearly all of the 416 frogs from Cristóbal Colón had eaten at least one beetle (8 out of 10 frogs) whereas only 2 417 Simón Bolívar and 3 Felfa frogs had eaten a beetle. Very few arthropods were isolated that did 418 not group into the categories of ants, mites, or beetles (2 in Felfa, 5 in Simón Bolívar, and 4 in 419 Cristóbal Colón). These specimens were usually flies, wasps, or stinkbugs, although we did not 420 use molecular methods to identify these samples. We did not examine the chemical profiles of 421 non-mite or non-ant arthropods using LCMS. 422
Poison Frog Alkaloids in Ants and Mites 423
While the dietary specialization of poison frogs on ants and mites has been well 424 documented, less is known about which alkaloid compounds are derived from specific prey 425 categories. We compared three samples (frog skin, ants, and mites) for each of five individuals 426 from each population using LCMS, which gives increased sensitivity compared to GCMS. By 427 comparing all three samples within each individual, we were able to trace the dietary source of 428 four alkaloids. 429
Alkaloids Detected in Ants 430
We compared the LCMS responses in frog skin and their corresponding prey samples in 431 search of compounds that had similar mass to charge ratios in both the frog skin and the ants, 432 but not the mites. We then further examined these compounds with tandem mass spectrometry 433 to confirm the alkaloids found in frog skin and ants had similar fragmentation mass spectra 434 patterns, which suggests the compound of interest is identical in both samples. 435
Using this approach we identified ants as the dietary source of two frog alkaloids ( Figure 5 ; 436 Online Resource Figure 6 ). In a Cristóbal Colón frog skin (CJ 3093) and the corresponding 437 sample of consumed ants (Figure 5a ), we observed a compound with a mass to charge ratio of 438 278 that also had identical fragmentation patterns in both samples, suggesting these 439 compounds are identical. Comparing the LCMS data to the GCMS data from the same frog skin 440 sample, we conclude that this ant-derived alkaloid is lehmizidine 277A. Similarly, we identified a 441 response in a Felfa frog (CJ 3129) and consumed ants from that same frog (Figure 5b ). This 442 compound has a mass to charge ratio of 204, and the fragmentation patterns show the mass 443 spectra closely match, suggesting identical compounds in both frog and ant samples. From 444 comparison of GCMS responses with m/z 204 in this same frog skin sample, this alkaloid is 445 likely 5,8-disubstituted indolizidine 203A. 446
Alkaloids Detected in Mites 447
We took a similar approach to detect common LCMS responses in frog skin and their 448 corresponding mite samples, where compounds should have similar mass to charge ratios in 449 both the frog skin and the mites, but not the ants. Further examination of these compounds with 450 tandem mass spectrometry confirmed the alkaloids found in frog skin and mites are identical. 451
Using this comparative LCMS approach, we identified mites as the dietary source of two 452 poison frogs alkaloids ( Figure 6 , Online Resource Figure 6 ). In a Cristóbal Colón frog (CJ 453 3091), a similar LCMS response with a mass to charge ratio of 224 was observed in both the 454 frog skin and the pooled mite sample (Figure 6a ). Comparison of the tandem mass 455 spectrometry fragmentation pattern shows the spectra closely match, suggesting the 456 compounds detected in these samples are identical. From comparison of the GCMS responses 457 with a mass to charge ratio of 224 in this same frog skin sample, this compound is likely 3,5-458 disubstituted indolizidine 223AB. In a separate frog-mite comparison, a similar LCMS response 459 with a mass to charge ratio of 292 was observed in a Simón Bolívar frog (CJ 3112) and the 460 pooled mites from the frog's stomach (Figure 6b ). Fragmentation mass spectra of the 461 compounds suggest this compound is identical. From the GCMS analysis of the frog skin 462 sample, no corresponding alkaloid with a similar mass to charge ratio was detected, likely from 463 the lack of sensitivity of this method compared to LCMS. 464
465
DISCUSSION 466
We have shown that Oophaga sylvatica populations vary in defensive chemical profiles in a 467 manner that reflects prey arthropod chemical diversity. We used mass spectrometry to identify 468 the arthropod source of four alkaloid toxins by comparing frog skin chemistry to arthropods 469 isolated from the stomach contents of the same frogs. Overall our results highlight the diversity 470 of chemical defenses found in O. sylvatica and Ecuadorean ants and mites, adding to the 471 growing literature of the trophic relationships of poison frog toxins and their arthropod sources. 472
Little Devil frog defensive chemicals 473
We used GCMS to determine the repertoire of defensive chemicals across three Oophaga 474 The most abundant classes of alkaloids in Oophaga sylvatica were 3,5-or 5,8-disubstituted 493 indolizidines, although the precise alkaloid in these classes differed between the three 494 populations (Table 1) . This is in contrast to toxin profiles for this species collected from Ecuador 495 Individual variation in alkaloid profiles was limited in the Simón Bolívar and Felfa 507 populations, but was much greater in the Cristóbal Colón population where almost all frogs had 508 strikingly different alkaloid profiles. The general diet of Cristóbal Colón frogs did not drastically 509 differ and without genetically profiling their stomach contents (which were instead used for 510 LCMS quantification of alkaloids), we are unable to determine the species diversity of their diets, 511 which we predict from the alkaloids profiles to be very different. However, it should be noted that 512 quantification of stomach contents represents a snapshot in time and may not be representative 513 of the full dietary repertoire that contributed to skin alkaloid profiles accumulated over weeks or 514 months. Additionally, frogs that had high alkaloid peaks around 16-19 minutes by GCMS were 515 all male, whereas the other two frogs with low alkaloid levels around this time point were female. 516
It could be that there are sex differences in toxin sequestration within the population, as has 517 been documented in some O. pumilio populations ). However, this is 518 unlikely as both males and females were included in the Simón Bolívar and Felfa populations, 519 which did not show a high degree of individual variation within the population. There are two 520 more plausible explanations for this individual variation. First, frog age may be a contributing 521 factor to alkaloid diversity as was recently documented in the Brazilian red-belly toad 522 (Melanophryniscus moreirae) (Jeckel et al. 2015) . Unfortunately, we were unable to determine 523 the age of the O. sylvatica frogs, although this is likely an important variable to consider in future 524 studies. Secondly, frogs may have been collected in different microhabitats and this difference 525 in diet availability may influence alkaloid profiles. This has been recently observed in Mantellas 526 where frogs from disturbed habitats have a higher diversity in alkaloids than frogs from 527 undisturbed habitats (Andriamaharavo et al. 2010 ). Further sampling and broader analyses of 528 potential contributing factors within the Cristóbal Colón population would be required to fully 529 understand these individual differences in alkaloid profiles. 530
Arthropod diversity in the diet of poison frogs 531
The poison frog dietary specialization on ants and mites is well established (Caldwell 1996; 532 Darst et al. 2005) . As poison frogs sequester their toxins from their diet, it has been proposed 533 that the diversity of poison frog toxins reflects the diversity of arthropods in the tropics (Saporito 534 et al. 2009 ). We found that the stomach contents of the three Oophaga sylvatica populations 535 contained over 80% ants and mites by number. Ants in particular composed at least 50% of the 536 diet in these populations. Our results are similar to those of O. histrionica (Osorio et al. 2015) , a 537 closely related species in Colombia, whose diet is mainly composed of Formicidae (ants), Acari 538 (mites), and Coleoptera (beetles). These three arthropod families account for over 97% of the 539 diet (by number) of the three O. sylvatica populations we investigated. We found that Felfa frogs 540 tended to have more ants in the stomach contents, and ants have been proposed to contain 541 mostly unbranched alkaloids ). We also identified DHQs 195A and 223F as 542 major alkaloids in Felfa, which have an ant origin (Jones et al. 1999 Colón frogs that also ate Solenopsis ants. However it should be noted that although Solenopsis 558 species and histrionicotoxins were observed in Cristóbal Colón, we did not detect 559 histrionicotoxins in Felfa or Simón Bolívar frogs, which also ate Solenopsis ants. This 560 discrepancy is a caution against assuming every Solenopsis ant species is chemically similar or 561 that every ingested arthropod found in a poison frog stomach contributes to the alkaloid 562 repertoire of the frog. Finally, Pheidole ants are also known to be predators of Oribatid mites 563 (Wilson 2005), which can carry alkaloid toxins also identified in frogs. This raises the possibility 564 of toxin transfer from mites through ants to frogs, as well as from mites to frogs directly 565 (Saporito et al. 2011). 566 Mites. We found the genera and chemical diversity of mites partially reflects the variation in 567 toxin profiles across Oophaga sylvatica populations. We sequenced the CO1 region from 9 mite 568 specimens representing 6 undescribed species. We initially isolated 20 mites from frog 569 stomachs, but the low success rate of CO1 amplification is likely due the small amount of 570 genomic DNA we were able to extract from these tiny arthropods. The closest match in the 571 as well as difficulty in obtaining species that poison frogs have been known to ingest from the 597 leaf litter, especially extremely small mites. 598
To identify the arthropod source of Oophaga sylvatica toxins, we took a simple approach of 599 pooling separately the ants and mites found in the frogs' stomachs. This allowed us to examine 600 the chemistry of arthropods the frogs ingested rather than surveying the general surrounding 601 leaf litter that may contain many arthropods the frogs do not eat. Moreover, the high sensitivity 602
of LCMS allowed us to detect small quantities of alkaloids that may be undetectable by GCMS. 603
However, because the alkaloid data library by Daly and colleagues is based on GCMS results 604 (Daly et al. 2005) , examining frog skin alkaloids must be done with both GCMS (for alkaloid 605 identification) and LCMS (for comparison with arthropod data). This dual approach allowed us to 606 identify the arthropod source of three alkaloids (277A, 203A, and 223AB), but for one alkaloid 607 we were not able to tentatively assign an identity given it was not at detectable levels using 608 GCMS. It is important to note that our experimental design for LCMS limits our ability to identify 609 the exact species of ant or mite from which alkaloid is found. Although we photographed the 610 arthropods prior to alkaloid extraction, we cannot reliably identify the species within the pooled 611 sample without genetic testing. New methods involving DNA barcoding of fecal samples to 612 characterize diet (Kartzinel and Pringle 2015) may be a useful tool in the future to genetically 613 identify small arthropod prey without sacrificing frogs for stomach content analysis. Finally, it is 614 important to note that the LCMS profiling of stomach contents represents a snapshot in time. 615
Many frog alkaloids were not detected in the arthropod samples given they do not represent the 616 full repertoire of dietary diversity in these frogs. The pharmacokinetics of toxin sequestration in 617 poison frogs is unknown, and some frog toxins could have been acquired weeks to months prior 618 to our sampling. A combination of non-invasive and repeated sampling of prey arthropods and 619 frog skin toxins would be a good step forward to resolving some of the pitfalls of standard 620 methods in this field. 621
To our knowledge, we have provided the first evidence of the dietary source of three alkaloid 622 toxins. We found lehmizidine 277A in frogs of the Cristóbal Colón population and traced the 623 dietary source of this toxin to ants. Ants have been the proposed source of lehmizidines for 624 poison frogs since monosubstituted lehmizidines occur in a myrmicine ant (Jones et al. 2007 ), 625 but we provide here the first evidence for this trophic relationship. We were also able to identify 626 ants as the source of 5,8-disubstituted indolizidine 203A in frogs from Felfa. Other alkaloids in 627 this class have been identified in both ants and mites (Daly et al. 2002; Saporito et al. 2007b) . 628
Finally, we were able to trace the source of 3,5-disubstituted indolizidine 223AB in Cristóbal 629
Colón frogs to mites. Other alkaloids in this class have also been attributed to both ants and 630 mites (Jones et al. 1999; Saporito et al. 2007b ). Finally, although we were able to identify an 631 alkaloid (m/z 292) in both frog skin from Simón Bolívar and mites found in that same frogs' 632 stomach, we were unable to tentatively identify the alkaloid given the lack of LCMS library data 633 for these chemicals. It is the partnership between biologists and chemists (largely John Daly, 634 (Savitzky and Saporito 2012)) that has driven the field of chemical ecology in poison frogs 635 forward. With emerging new technologies, such interdisciplinary partnerships are still necessary 636 for progress. 637
Summary 638
We have described here the alkaloid profiles of three populations of Oophaga sylvatica, the 639 arthropods that compose their distinctly different diets, and have identified the dietary source of 640 four poison frog alkaloids. Moreover, our results highlight how arthropod species and chemical 641 diversity drives variation in poison frog chemical defenses. Future work will focus on identifying 642 the arthropod species that harbor these alkaloids, tracing the source of these toxins to the 643 Assigned taxonomic identity by Order is listed in the first column and is based on the similarity to other 964 mite cytochrome oxidase 1 sequences in the NCBI nr database. The sample ID indicates the voucher 965 specimen number of the frog from whose stomach the mite was isolated (first four digits) and a three digit 966 number assigned to prey items in the order they were retrieved from the stomach contents. The GenBank 967 Accession number for each sequence is listed in the third column. The population of the frog from which 968 each mite was isolated is listed in the fourth column. The closest arthropod hit for each specimen and its 969 GenBank accession number is listed along with the similarity (percent identity) between the specimen and 970 the closest GenBank match. The E-value statistic for the match is listed in the last column. 971 972
